Objective: Isolated adult-onset focal dystonia is considered a network disorder with disturbances to the motor basal ganglia and cerebellar circuits playing a pathophysiological role, but why specific body regions become affected remains unknown. We aimed to use diffusion tensor imaging to determine if the two most common phenotypes of focal dystonia are associated with distinguishing microstructural changes affecting the motor network. Methods: Fifteen blepharospasm patients, 20 cervical dystonia patients, and 30 age-and sex-matched healthy controls were recruited. Maps of fractional anisotropy and mean diffusivity were analyzed using a voxel-based approach and an automated region-of-interest technique to evaluate deep gray matter nuclei. Correlations between diffusion measures and dystonia severity were tested, and post hoc discriminant analyses were conducted. Results: Voxel-based analyses revealed significantly reduced fractional anisotropy in the right cerebellum and increased mean diffusivity in the left caudate of cervical dystonia patients compared to controls, as well as lower fractional anisotropy in the right cerebellum in cervical dystonia patients relative to blepharospasm patients. In addition to reduced fractional anisotropy in the bilateral caudate nucleus of cervical dystonia patients relative to controls and blepharospasm patients, region-of-interest analyses revealed significantly reduced fractional anisotropy in the right globus pallidus internus and left red nucleus of blepharospasm patients compared to both controls and cervical dystonia patients. Diffusivity measures in the red nucleus of blepharospasm patients correlated with disease severity. In a three-group discriminant analysis, participants were correctly classified with only modest reliability (67-75%), but in a two-group discriminant analysis, patients could be distinguished from each other with high reliability (83-100%). Conclusions: Different focal dystonia phenotypes are associated with distinct patterns of altered microstructure within constituent regions of basal ganglia and cerebellar circuits.
Introduction
Isolated adult-onset focal dystonias are a heterogeneous group of diseases that may share overlapping etiologies, yet present with distinct clinical features (Jinnah et al., 2013) . Blepharospasm (BSP) and cervical dystonia (CD), defined by dystonia affecting eyelid and neck muscles respectively, are the two most common forms of adult-onset focal dystonia. The precise etiology and pathophysiology of BSP and CD remain incompletely understood. Several gene mutations have been identified (Lohmann and Klein, 2017) , but these account for only a very small percentage of those affected. And while pathological abnormalities involving the basal ganglia, brainstem and cerebellum have frequently been linked to secondary forms of dystonia including BSP and CD , relatively few cases of isolated BSP and CD have been studied pathologically with most reporting little or no detectable neuropathology Standaert, 2011) . In contrast, neuroimaging studies in isolated forms of focal dystonia have provided in vivo evidence of microstructural abnormalities within and between these brain regions supporting that motor network dysfunction likely plays a role in their pathophysiology (Lehéricy et al., 2013; Neychev et al., 2011; Zoons et al., 2011) . To date, findings from microstructural imaging studies in isolated adult-onset focal dystonia, however, have identified diverse and at times inconsistent findings, possibly stemming from the inclusion of multiple dystonia phenotypes or differences in the tissue types or brain regions being investigated. Better characterization of the microstructural changes associated with different focal dystonia phenotypes could improve our understanding of the neurobiological mechanisms underlying dystonia and help elucidate whether different phenotypes are associated with distinct pathological motor networks disruptions.
Diffusion tensor imaging (DTI) is a MR-based imaging technique that enables in vivo mapping of the diffusion of water molecule in biological tissues. While DTI measures are frequently used to reveal integrity of white matter tracts, DTI can also be used to investigate the microstructural integrity of deep gray matter brain structures and provide insight into the cellular density and arrangement within nuclei (Vaillancourt et al., 2009) . DTI measures most often include fractional anisotropy (FA) , which provides an estimate of the degree of directionality of water diffusion and reflects the coherence of nerve fibers, and mean diffusivity (MD), which is a measure largely influenced by cell density and distribution of the extracellular space.
Although DTI studies to date have revealed variable and at times conflicting results in isolated focal dystonia, microstructural brain abnormalities have been most frequently reported in the basal ganglia, cerebellum, and sensorimotor cortex (Lehéricy et al., 2013; Neychev et al., 2011; Ramdhani and Simonyan, 2013; Zoons et al., 2011) . In one early DTI study of CD, Colosimo et al. reported increased FA in the putamina of CD patients compared to healthy controls (HC) (Colosimo et al., 2005) . This finding was duplicated by Fabbrini et al. in a larger cohort of CD patients and HC, with additional reporting of decreased MD in other basal ganglia (Fabbrini et al., 2008) . Interestingly, Fabbrini et al. found no significant DTI changes in a BSP group compared to HC suggesting that microstructural differences may exist between different adult-onset focal dystonia phenotypes. More recently, Pinheiro et al. reported finding no differences in DTI measures between HC and patients with either BSP or CD (Pinheiro et al., 2015) , however their study focused on evaluating white matter changes and was limited by small numbers of patients in the BSP group.
Although voxel-based analyses of DTI data can be used to investigate microstructural changes across the brain within the white matter as well as the gray matter, they require spatial normalization procedures and correction for multiple comparisons that can limit its ability to detect changes within smaller deep gray matter structures like the globus pallidus and substantia nigra. Region of interest (ROI) analyses of DTI data, however, require highly accurate placement of the ROIs to avoid inclusion of white matter and erroneous results. Combining these two analysis approaches can often lead to a more comprehensive understanding of the pathophysiology underlying neurologic and psychiatric disorders (Schwarz et al., 2013; Snook et al., 2007; Srivastava et al., 2016; Wang et al., 2008) .
Our aim in this study was to analyze DTI data collected on BSP patients, CD patients and HC using a whole-brain voxel-based analysis and an automated and verified ROI placement approach based on highresolution probabilistic atlas maps to determine whether there are microstructural changes are present within cortical regions of the brain and deep gray matter nuclei in patients with BSP and CD. Additionally, we aimed to test whether microstructural differences exist between BSP and CD and whether they correlate with severity of the dystonia phenotype. Based on the findings from prior analogous studies, we hypothesized that BSP and CD would be associated with a distinct DTI pattern of microstructural changes, and that some of these changes could be linked to dystonia severity.
Materials and methods

Participants
Thirty-five patients with isolated, adult-onset focal dystonia (15 BSP and 20 CD) and 30 HC were recruited for this study. Dystonia patients were recruited from the University of Colorado Movement Disorders Center, and age-and sex-matched HC were recruited from patient spouses and the local community. Participants were excluded if they were taking any medication associated with causing dystonia, had any contraindications to MRI, or had cognitive impairment as evidenced by a Montreal Cognitive Assessment score < 26 (Damian et al., 2011) . Patients were excluded if they had a history of dystonia beginning prior to age 18, as childhood onset dystonia typically represents a more generalized form of dystonia, or exposure to anti-dopaminergic medications, had undergone deep brain stimulation surgery, or had severe dystonia to limit confounding of imaging data and motion effects. Patients receiving treatment with botulinum toxin injections were scanned no sooner than 10 weeks following their last injections. Dystonia severity was assessed on the day of scanning using phenotypespecific scales of the Jankovic Rating Scale (JRS) for BSP (Jankovic et al., 2009) , and the Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS) for CD (Consky and Lang, 1994) .
All participants underwent a neurological examination. HC were excluded if they had any abnormal neurological findings. In order to include as pure of dystonia phenotypes as possible, patients were removed from the study if they had any evidence of dystonia affecting a body region beyond their primary diagnosis. This led to the removal of three BSP patients and two CD patients from subsequent analyses. In total, 12 patients with BSP, 18 patients with CD, and 30 HC were included in the final analysis ( Table 1 ). All participants gave written informed consent for the research protocol, which was approved by the Colorado Multiple Institutional Review Board.
DTI acquisition
Eight BSP patients, 10 CD patients, and 15 HC were scanned on a GE Signa HDxt 3 T MRI scanner (GE Medical Systems, Milwaukee, WI) with an 8-channel brain phased-array head coil, using a 32-direction spin 
Image analysis
All image analysis was performed using the Functional Magnetic Resonance Imaging of the Brain (FMRIB; www.fmrib.ox.ac.uk/fsl) Software Library tools (FSL) and SPM8 (www.fil.ion.ucl.ac.uk/spm). The b0 image was used for estimation of the inhomogeneity fields and motion and eddy current-induced geometric distortions were removed with the eddy_correct tool in FMRIB's Diffusion Toolbox. Using the DTIfit tool, the eddy current corrected DTI data for each subject was processed to generate voxel-wise maps of FA and MD. No masking or thresholding to define white and gray matter was performed. The individual subject maps were then normalized to 1mm 3 Montreal Neurological Institute (MNI) 152 standard space using Linear Registration Tools followed by Non-linear Image Registration Tools. Voxel-based analyses were performed in SPM8 using normalized FA and MD maps resampled to 2mm 3 and smoothed using an isotropic Gaussian filter (8-mm full width at half maximum).
Microstructural alterations within deep gray matter nuclei were investigated using an automated ROI placement approach to limit the variability in ROI placement which can occur with manual approaches. All ROI masks were initially extracted from an ultra-high resolution probabilistic map acquired on a 7 T MRI scanner (Keuken et al., 2014) . First, the probabilistic atlas was down-sampled from 0.4 × 0.4 × 0.4 mm 3 to 1 mm 3 in MNI 152 space using the FLIRT tool. Using FSLView, probabilistic ROI masks were extracted from labels for the bilateral caudate, putamen, globus pallidus externus, globus pallidus internus, subtantia nigra, red nucleus, and subthalamic nucleus. The extracted probabilistic ROI masks were then thresholded using the fslmaths tool to a probability of 80% to avoid overlap with adjacent anatomical structures.
Following the creation of standard space ROI masks for each subcortical structure as detailed above, the ROI masks were individually transposed into the native subject space for each study participant. First the FMIRB's invwarp tool was used to calculate the inverse warps of the previously performed non-linear registration of each study participants' FA maps to MNI standard space. The applywarp tool was then applied to the resulting inverse warps to convert all thresholded, standard space masks to native subject space for each study participant. A blinded quality assessment review was then performed by a board-certified neuroradiologist (L.M.N.) in which the ROIs in subject space were superimposed on each subject's FA map to confirm the final accuracy of the ROI placement. Following the blinded qualitative assessment, the FMRIB's fslstats tool was used to apply the participant-specific subject space masks for each subcortical structure to their voxel-wise maps of FA and MD and extract the mean values.
Statistical analyses
Demographic variables were compared using two-tailed t-tests, F tests, and chi-squared tests as appropriate using the Satterthwaite method for unequal variances. Significance was set to p < 0.05 for these comparisons. Our primary imaging aim was to investigate microstructural differences between BSP and CD patients when compared to HC. Voxel-wise differences in FA and MD among the three groups were analyzed using regression models and two-sample t-tests in SPM8 to identify differences of FA and MD in BSP vs. HC, CD vs. HC, and BSP vs. CD. Scanner type was included as a covariate and significance threshold at the voxel level was set at p < 0.001, followed by clusterlevel threshold α < 0.05, corrected for multiple comparisons using 3dClustSim as implemented in AFNI (https://afni.nimh.nih.gov) version 16.3.15.
Differences in FA and MD within deep gray matter nuclei ROIs among the three groups were analyzed using regression models for each structure, with group controlled for age, sex, and scanner type. Residual variance was allowed to vary by group and Satterthwaite degrees of freedom were used. To reduce the overall number of comparisons made, an overall F test for adjusted mean differences among the groups was performed for each structure and DTI measure, and if the F test was significant it was followed by post hoc t-tests to identify differences of FA and MD in BSP vs. HC, CD vs. HC, and BSP vs. CD with a Tukey-Kramer adjustment to control the family-wise error rate for all pair-wise comparisons among groups. Statistical analyses were performed except as when stated above using SAS 9.4.
Correlation analyses
We performed a voxel-based linear regression analysis with the patient DTI maps using JRS scores for BSP patients and TWSTRS scores for CD patients as regressors to identify regions across the brain where microstructural changes correlated with disease duration and dystonia severity. Scanner type was included as a covariate and the significance threshold was set to p < 0.005 at the voxel level and corrected for multiple comparisons using 3dClustSim to cluster-level threshold of α < 0.05. To test whether FA and MD values within deep gray matter structures correlated with clinical measures, we performed partial Pearson correlations by group (BSP and CD) adjusted for age, gender, and MRI scanner. Significance threshold for the partial correlations was set to p < 0.05. To limit the overall number of correlations investigated, we tested for correlations only for those gray matter structures showing significant group differences in the adjusted regression analysis. Violations of linearity and outliers were checked using scatter plots, histograms, and QQplots.
Discriminant analyses
In an exploratory post hoc analysis, we aimed to test the ability of our ROI-based DTI results to discriminate between groups. DTI data from ROIs were chosen for the discriminant analysis as they are extracted from an individual subject in their native space and therefore more representative of an individual subject and with greater potential to become a generalizable imaging marker. Candidate discriminant variables were selected by considering whether mean differences existed between the groups in the adjusted regression analysis. Regression was used to remove the effects of age, sex, and scanner on the DTI measurements, and discriminant analyses were applied to the residuals. Parametric (Gaussian based) discriminant analysis was considered so we could create relatively simple and geometrically interpretable discriminant functions, and because the small sample sizes limited the utility of kernel density estimation. Separate covariance matrices by group were allowed, resulting in quadratic (parabolic) discriminant functions. Discriminant functions were evaluated for predictive accuracy using re-substitution and leave-one-out cross validation methods, which can create accurate classifiers even with smaller sample sizes (Zollanvaria et al., 2009 ). Re-substitution uses all the available data, but can suffer from over-fitting and while it may perform well on available data it may perform poorly on a future unseen test dataset. Leave-one-out cross validation is often applied when there are limited available data and can give a less biased estimate of accuracy, but high variance can lead to unreliable estimates.
Results
Participant characteristics
Participant demographics are shown in Table 1 . There were no significant differences in age or gender across the three groups of participants. There was no significant difference in overall dystonia severity, but CD patients did have a statistically significant longer disease duration than BSP patients (p = 0.032).
Voxel-based DTI comparisons
In our voxel-based analyses, we identified significant clusters of reduced FA in the right cerebellar cortex (Fig. 1A, Table 2 ) and increased MD in the left caudate ( Fig. 1B, Table 2 ) in CD patients compared to HC. No significant differences were seen in the contrasts of FA and MD between BSP patients and HC. In the contrast between BSP and CD patients, lower FA in the right cerebellar cortex, left supramarginal gyrus, and right inferior frontal gyrus was seen in the CD patients (Fig. 1C, Table 2 ). Additionally, no significant differences were seen across subject type (p = 0.805), age (p = 0.367) or sex (p = 0.226) between subjects scanned on the GE Sigma versus those scanned on the Siemens Skrya. Table 3 shows the results of regression adjusted testing of DTI measures within subcortical gray matter structures across groups of HC and patients with BSP and CD followed by pairwise group testing results. Significant group differences in FA were seen in the bilateral caudate, right globus pallidus internus, right subthalamic nucleus, and left red nucleus, while significant group differences in MD were seen in the left caudate and left red nucleus. Pairwise comparisons showed that group differences were driven by lower FA and higher MD in the caudate of CD patients, and by lower FA in the globus pallidus internus and red nucleus of BSP patients. Group differences in the subthalamic nucleus were driven by higher FA in BSP patients.
ROI-based DTI comparisons
Correlations
There were no significant clusters found in our voxel-based correlation analyses with JRS in BSP patients and TWSTRS in CD patients. In our ROI-based correlation analyses, a significant negative correlation between FA in the left red nucleus and JRS scores in BSP patients was found (rho = −0.702, p = 0.035), along with a corresponding significant positive correlation between MD in the left red nucleus and JRS scores (rho = 0.674, p = 0.047). No significant correlations were found between either FA or MD in the caudate and TWSTRS scores in CD patients.
Discriminant analyses
Using FA within the left red nucleus, the left caudate nucleus, and the right subthalamic nucleus, we performed a post hoc discriminant analysis to determine the ability of these three measures together to distinguish between BSP and CD patients and HC. Using re-substitution, nine of 12 BSP patients (75%), 12 of 18 CD patients (67%), and 22 of 30 HCs (73%) were correctly classified (represented graphically as data distribution clouds in Fig. 2A ). Of the misclassified patients, all three BSP patients and five of the six CD patients were classified as HC. The eight misclassified HCs were evenly distributed between BSP and CD. Using leave-one-out cross validation, there was some decrease in predictive accuracy with correct classifications seen in eight of 12 (67%) BSP patients, 10 out of 18 (56%) CD patients, and 19 out of 30 (63%) HCs (Fig. 2B) . Three of the four misclassified BSP patients and six of the eight misclassified CD patients were classified as HC. Non-parametric methods for estimating distribution densities with kernels were Results from voxel-based comparisons corrected for multiple comparisons at the cluster level using individual voxel threshold p < 0.001 and cluster size k = 92. Abbreviations: BSP = blepharospasm; CD = cervical dystonia; FA = fractional anisotropy; HC = healthy control; Lt = left; MD = mean diffusivity; Rt = right.
explored, but they performed no better or worse than the classical parametric method. Using FA measures from the left caudate nucleus and left red nucleus, we conducted a separate exploratory discriminant analysis to assess the ability of these measures to differentiate between BSP and CD patients. These structures were selected because significant differences in FA within them were found between the dystonia subtypes in our adjusted regression analysis, because the data distributions from each separated CD and BSP from HC, respectively, and because their FA values were least correlated. Re-substitution correctly classified all (100%) of the BSP patients and 15 of the 18 (83%) CD patients (Fig. 2C) . The region for classifying a patient as BSP was a parabola narrow along the left caudate axis and long along the left red nucleus axis. Results for leave-one-out cross validation were identical to resubstitution except that one of the 12 BSP patients was misclassified (Fig. 2D) .
Discussion
In this study, we found differing patterns of microstructural abnormalities involving the basal ganglia, brainstem nuclei and cerebellum in the two most common forms of adult-onset isolated focal dystonia. Our voxel-based analysis revealed reduced FA in the right cerebellum and increased MD in the left caudate nucleus of CD patients compared to controls, but no differences in FA or MD between BSP patients and controls. Using a probabilistic atlas-derived ROI-based analysis to investigate microstructural changes within deep gray matter nuclei, however, decreased FA in the left red nucleus and right globus pallidus internus and increased FA in the subthalamic nucleus were found in BSP patients compared to controls. In BSP patients, diffusivity measures within the left red nucleus significantly correlated with dystonia severity. These findings reinforce that microstructural disruptions within nodes of the basal ganglia and cerebellar networks contribute to the pathophysiology of adult-onset focal dystonia and provide evidence that different dystonia phenotypes are associated with distinct and nonoverlapping patterns of altered microstructure.
Although no significant voxel-based changes were found that distinguish BSP patients from those with CD and HC, our ROI-based analysis revealed that BSP is associated with reduced FA in the left red nucleus and right globus pallidus internus, and that the changes in the red nucleus were tightly correlated with disease severity. A link between BSP and the red nucleus, where output from the cerebellum and basal ganglia are believed to interact and influence movement of facial muscles (Pong et al., 2008) , is supported by in vitro studies and animal investigations. For instance, retrograde transneuronal tracing of a rabies virus injected in the orbicularis oculi muscle of rats demonstrated that a specific pool of neurons in the red nucleus is involved in the motor network of spontaneous, reflex, and learned blinking (Morcuende et al., 2002) . Stimulation of the red nucleus in animal models has also been shown to cause eye blink responses and has been explored as an animal model for BSP (Chapman et al., 1988; Klemm et al., 1993; Nowak et al., 1997) . As the red nucleus is a key component of the response output circuitry of the cerebellum, our findings add to the growing body of literature supporting a key pathophysiological role of the cerebellum and cerebello-thalamo-cortical networks in dystonia (Bologna and Berardelli, 2017; Kaji et al., 2018; Prudente et al., 2014; Shakkottai et al., 2017) .
The validity of our finding microstructural changes within the right Values shown as mean ± sd except where indicated. *p values calculated using protective overall F-test to identify any differences among the three groups. +p values from pairwise comparisons among the groups when F-test was significant (< 0.05) using a Tukey-Kramer adjustment for multiple comparisons. Abbreviations: BSP = blepharospasm; CD = cervical dystonia; FA = fractional anisotropy; GPe/i = globus pallidus externus/internus; HC = healthy control; MD = mean diffusivity; RN = red nucleus; SN = substantia nigra; STN = subthalamic nucleus.
globus pallidus of BSP patients is supported by a recent DTI study by Yang et al. where increased diffusivity in the right lentiform nucleus and thalamus of a separate cohort of patients with BSP (Yang et al., 2014) . In their study, Yang et al. also reported that FA was reduced in the left anterior lobe of the cerebellum and that FA reductions within the white matter of the left cerebellum negatively correlated with disease severity as measured by the JRS in BSP patients. This finding along with our own finding of a link between microstructural changes within the red nucleus and JRS scores further supports a role for cerebellar afferents contributing to symptom severity in BSP. Intriguingly, the leftsided cerebellar findings in both studies suggests that there may be asymmetric pathophysiological mechanisms underlying BSP. While our results may at first appear to differ from those reported by Pinheiro et al. who found no significant differences in white matter microstructure between groups including BSP patients, CD patients and HC (Pinheiro et al., 2015) , their study differed from ours in a few key ways that likely account for the dissimilar findings. First, their dystonia population was more heterogenous division into subgroups resulted in their pure BSP subgroup including only five subjects. Second, their analysis was focused on looking for changes in white matter microstructure using tract-based spatial statistics, which assesses FA along major white matter tracts, while our voxel-wise approach was not restricted to white matter. And third, their ROI analysis was based on obtaining an average FA for all white matter voxels and not a ROI-based analysis using a high-resolution atlas to evaluate the microstructure of subcortical gray matter structures and brainstem nuclei.
In CD patients, both the voxel-based and ROI-based analyses revealed microstructural changes within the caudate that were not present in BSP patients. While altered FA and diffusivity involving the caudate has previously been reported in CD (Bonilha et al., 2007; Colosimo et al., 2005; Fabbrini et al., 2008) , DTI changes within the caudate have not been previously reported in BSP patients (Defazio et al., 2017) . Indeed, the caudate may hold particular relevance to CD as it has long been linked to head-turning in stimulation studies and found to play a role in the control of orienting reflexes (Akaike et al., 1989; Kitama et al., 1991; Murer and Pazo, 1993) . In addition to the left caudate findings, we found CD patients had decreased FA in their right posterior cerebellar cortex. DTI changes affecting the cerebellum in CD were also reported by Blood et al., who found decreased FA in the left cerebellar white matter of CD patients (Blood et al., 2012) . Overall, our findings add further support to a growing body of literature that abnormal structural-functional relationships affecting striato-thalamocortical cerebello-thalamo-cortical networks underlies both hereditary and sporadic forms of dystonia (Carbon and Eidelberg, 2009; Kaji et al., 2018; Niethammer et al., 2011; Simonyan and Ludlow, 2012) .
DTI enables the characterization of the diffusion of water molecules and can provide measures of microscopic tissue properties including density, diameter, axonal and dendritic architecture, and degree of myelination (Tournier et al., 2011) . The cause of the diffusion changes we detected within the basal ganglia, brainstem and cerebellum in patients with BSP and CD, however, is not known. One possible explanation is that cell morphology has been altered within brain gray matter structures because of neuronal overactivity (due to a loss of inhibition) and/or abnormal neuroplasticity-key pathophysiological processes that have been linked to isolated dystonia (Hallett, 2011; Quartarone and Pisani, 2011) . The presence of subtle structural abnormalities involving the basal ganglia and cerebellum in isolated focal dystonia is supported by a large number of MRI-based volumetric studies (reviewed in Jinnah et al., 2017) , though there has not been a consistent pattern of anatomical changes across these studies. Another possible explanation for the microstructural changes seen in the focal dystonia subtypes could be the accumulation of iron, which and is known to have an effect on DTI measures of anisotropy and diffusivity, especially in deep gray matter structures (Pujol et al., 1992; Thomas et al., 1993; Xu et al., 2015) . Iron plays an important role in several neuronal functions including synaptic plasticity, and the control of iron entry is tightly linked to synaptic activity (Codazzi et al., 2015) . Thus, in BSP and CD iron homeostasis may be regionally altered by the pathophysiological processes of abnormal plasticity and overactivity of neurons due to loss of normal inhibitory mechanisms. Regardless of the cause of the microstructural changes we detected, a limitation of our study that is shared by other similar neuroimaging investigations in dystonia is that it is not possible to establish at this time whether these changes reflect a cause or consequence of the dystonic movements.
To date, only a few DTI studies in dystonia to date have investigated whether changes differ between CD and BSP phenotypes (Fabbrini et al., 2008; Pinheiro et al., 2015; Yang et al., 2014) . None of these prior studies, however, applied probabilistic atlas maps derived using the superior anatomical resolution of a 7 T MRI to investigate gray matter structures including smaller nuclei within the basal ganglia and brainstem. To evaluate whether DTI could aid in the diagnosis of BSP and CD, we conducted post hoc discriminant analyses using FA measures within the gray matter structures that showed significant group differences. As BSP patients were characterized by lower residual FA values for the left red nucleus and higher values for the right subthalamic nucleus, and CD patients were characterized by lower residual FA values for the left caudate, we used these three structures to test the ability of DTI to differentiate between dystonia patients and HC. While the BSP and CD data distributions mostly separated, the HC distribution was largely sandwiched between them and overlapped with the two patient group distributions. This led to a modest ability to discriminate across groups from 67 to 75% using a re-substitution method, and an even poorer discriminant ability of 56 to 67% using leave-one-out cross validation. By applying a two-dimensional discriminant post hoc analysis, however, we showed that the FA measures within the left red nucleus and left caudate could distinguish BSP and CD patients with high reliability. While distinguishing these phenotypes of focal dystonia is not considered a clinical challenge, these findings support distinct pathophysiological pathways underlie these two forms of focal dystonia.
A strength of this study is that patients included in the imaging analysis were all carefully examined and only those without evidence of dystonia involvement beyond their primary site were included so that only pure phenotypic forms of focal dystonia were included. Enrollment of mixed phenotypes or lack of precise patient selection may have contributed to some of the lack of consistent DTI findings reported thus far in BSP and CD (Blood et al., 2012; Neychev et al., 2011; Pinheiro et al., 2015; Ramdhani and Simonyan, 2013; Yang et al., 2014; Zoons et al., 2011) . One potential limitation to our study is the change of MRI scanners that occurred during conduction of this study. Although this could add some variance to the DTI measures used in this study, the scanner change occurred approximately midway through study enrollment, we included scanner type as a variable in our analyses, and the significance of our results is potentially strengthened as detection of true microstructural abnormalities should not be dependent on a specific scanner used. Another potential limitation in our study is that the subcortical and brainstem ROIs are small and therefore derived DTI measures may be subject to wide variance if not accurately placed. To limit this source of error, all ROIs were registered to each individual's FA map and then their placement was verified visually by a neuroradiologist (J.M.H) who was blinded to the participant's disease state.
Conclusions
In sum, our results support the presence of distinct microstructural changes affecting basal ganglia and cerebellar circuit nodes in BSP and CD. In particular, FA was reduced in the red nucleus and globus pallidus internus of BSP patients, and FA was reduced in the cerebellar cortex and caudate of CD patients. FA changes within the red nucleus in BSP patients were significantly correlated with disease severity, and the FA changes in the red nucleus and caudate were specific enough to their dystonia phenotype that they could reliably discriminate BSP from CD. These findings advance our understanding of the underlying pathophysiology of isolated focal dystonia phenotypes and support that microstructural changes within distinct nodes of the basal ganglia and cerebellar motor circuits could underlie the manifestation of different focal dystonia phenotypes.
